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In  our  previous  work,  we  demonstrated  a  novel  two-step  pyrolysis  method  that  increased  the  final  char 
yield.  The  control  of  the  final  structure  is  another  crucial  issue  in  charcoal  making.  No  structural  study 
has  yet  been  performed  on  charcoal  produced  by  this  two-step  pyrolysis  method.  Here,  we  conducted 
two-step  pyrolysis  experiments  (a  pyrolysis  step  at  360  °C,  followed  by  a  carbonization  step  at  900  °C) 
on  102  cubes  of  eucalyptus  wood  samples.  We  selected  carbonized  charcoals  (after  two-step  pyroly¬ 
sis)  that  had  different  solid  residue  yields  at  the  end  of  the  first  pyrolysis  step  to  monitor  the  changes 
in  their  texture  and  structure  using  visual  inspection,  infrared  spectroscopy  (IR)  and  X-ray  diffraction 
(XRD)  analysis.  Visual  inspection  showed  different  texture  categories  in  terms  of  the  carbonized  charcoal 
defects,  depending  on  their  solid  residue  yield  at  the  end  of  the  first  step:  samples  that  were  swollen 
and  burst,  samples  that  were  split  and  samples  that  showed  no  abnormal  defects.  The  IR  spectra  of  the 
resulting  carbonized  charcoals  showed  no  significant  differences  in  their  chemical  structure.  Conversely, 
their  XRD  patterns  showed  that  the  increase  in  char  yield  was  accompanied  by  an  increase  in  the  for¬ 
mation  of  graphite  crystallites.  In  particular,  graphite  crystallite  formation  was  optimized  for  charcoals 
obtained  by  applying  the  second  pyrolysis  step  when  their  solid  residue  yield  was  approximately  50%  at 
the  end  of  the  first  step.  These  findings  open  up  new  areas  of  exploration  for  in-depth  studies  to  control 
the  structure  of  charcoal. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Currently,  there  is  increasing  interest  in  the  use  of  charcoal  from 
biomass  for  a  variety  of  potential  uses.  Charcoal  is  used  for  energy 
[1-4  ,  for  the  chemical  reduction  of  ores  such  as  iron  and  silicon 
in  the  metallurgical  industry  [5]  and  for  adsorption  purposes  [6,7], 
but  it  has  also  been  investigated  for  use  as  a  soil  amendment  to 
improve  the  effect  of  fertilizer  8,9]  and  as  a  material  for  advanced 
applications  (e.g.,  anodes  for  fuel  cells)  [10,11  .  For  such  uses,  the 
improvement  of  the  char  yield  from  biomass  is  a  key  question,  but 
it  is  also  crucial  to  control  the  texture  and  structure  of  the  charcoal. 

In  our  previous  work  [3,4  ,  we  tested  a  two-step  pyrolysis 
method  consisting  of  a  low  temperature  step  (low  heating  rate) 
followed  by  a  rapid  rise  in  the  solid  residue’s  charring  temperature 
up  to  900  °C  (high  heating  rate),  which  increased  the  final  char  yield 
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from  eucalyptus  wood  (compared  with  the  char  yield  obtained 
using  one-step  pyrolysis  from  ambient  temperature  to  900  °C,  using 
the  same  wood).  The  extent  of  the  increase  in  the  final  char  yield 
from  two-step  pyrolysis  was  a  function  of  the  decomposition  stage 
of  the  sample  at  the  end  of  the  first  pyrolysis  step,  expressed  by 
its  solid  residue  yield.  This  increase  was  greatest  when  the  second 
step  (temperature  increase  to  900  °C)  was  applied  to  samples  that 
had  solid  residue  yields  of  approximately  50%  at  the  end  of  the  first 
step.  The  resulting  char  yield  was  comparable  to  that  obtained  using 
pyrolysis  under  moderate  pressure  (1  MPa)  [2  .  A  legitimate  ques¬ 
tion  can  be  raised:  Can  charcoals  produced  by  two-step  pyrolysis 
present  other  desired  properties  (e.g.,  enhanced  crystal  structure) 
in  addition  to  an  increased  yield? 

It  is  known  that  carbonization  of  lignocellulosic  feedstock  at 
high  temperatures  can  enhance  the  formation  of  graphite  crys¬ 
tallite  within  the  obtained  charcoal  [12-14  .  Carbon  materials 
containing  a  significant  amount  of  graphite  crystallite  are  prized 
for  their  considerable  electrical  conductivity,  and  they  are  produced 
by  carbonization  at  temperatures  exceeding  900  °C.  Therefore,  the 
two-step  pyrolysis  of  wood  samples  would  result  in  charcoals 
with  enhanced  graphite  crystallite  formation  because  it  contains  a 
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carbonization  step  at  900  °C.  However,  it  has  yet  to  be  determined 
whether  the  formation  of  graphite  crystallite  in  charcoal  can  be 
optimized  by  applying  the  second  pyrolysis  step  when  the  solid 
residue  yield  is  approximately  50%,  as  the  yield  has  been  optimized. 
On  the  other  hand,  we  noted  during  two-step  pyrolysis  experi¬ 
ments  that  the  charcoals  obtained  with  different  increased  yields 
also  had  different  textures.  Significant  differences  in  shape  and  tex¬ 
ture  were  observed,  depending  on  the  solid  residue  yield  at  the  end 
of  the  first  step.  Since  no  textural  or  structural  study  has  yet  been 
carried  out  on  charcoal  produced  by  two-step  pyrolysis,  we  decided 
to  further  examine  this  issue. 

In  this  work,  we  investigated  the  changes  in  the  texture  and 
microstructure  of  carbonized  charcoals  obtained  from  two-step 
pyrolysis  on  eucalyptus  wood  samples  relative  to  their  solid  residue 
yield  at  the  end  of  the  first  pyrolysis  step.  Our  objectives  were  to 
explore  (1)  whether  the  charcoals  obtained  with  increased  yields, 
especially  that  with  a  maximum  increase  in  yield,  also  present 
an  interesting  chemical  and  crystal  structure  and  (2)  how  the 
structural  transitions  of  the  samples  at  the  end  of  the  first  step, 
as  reflected  mainly  in  their  mechanical  properties  at  the  micro- 
structural  level,  can  affect  the  final  texture  of  the  two-step  pyrolysis 
charcoals.  First,  we  visually  inspected  all  carbonized  samples  used 
in  two-step  pyrolysis  to  assess  changes  in  texture.  We  then  inves¬ 
tigated  the  chemical  structure  and  the  microstructure  of  selected 
charcoal  samples  using  infrared  spectroscopy  (IR)  and  X-ray  diffrac¬ 
tion  (XRD)  analysis,  which  are  generally  suited  to  this  purpose 
[12-21,23,24].  Finally,  we  tried  to  explain  the  correlation  between 
the  final  texture  of  the  carbonized  samples  and  their  microstructure 
before  the  carbonization  step  (at  900  °C). 

2.  Materials  and  methods 

2.2.  Plant  material 

Samples  of  eucalyptus  wood  (Eucalyptus  grandis)  from  Morocco 
were  used  as  whole  biomass.  All  the  wood  samples  were  taken 
from  a  debarked  trunk  and  were  sawn  in  2-cm  cubes.  Prior  to 
pyrolysis,  they  were  dried  at  a  temperature  of  103  °C  for  48  h  in 
a  “Memmert  ULE  700”  electric  oven  and  weighed  to  determine 
their  dry  mass.  Eucalyptus  wood  was  used  in  this  work  because 
of  its  widespread  use  as  a  feedstock  for  bioenergy  applications  and 
because  it  is  considered  to  yield  a  good  quality  of  charcoal.  In  total, 
102  wood  samples  were  used  in  the  pyrolysis  experiments,  which 
is  an  adequate  sample  size  to  produce  reliable  results. 

2.2.  Pyrolysis  experiments 

The  two-step  pyrolysis  experiments  were  carried  out  in  a  “Car- 
bolite”  isothermal  electric  furnace.  Woody  samples  were  each 
placed  in  a  covered  but  unsealed  25-mL  nickel  crucible  to  protect 
them  from  the  oxidizing  atmosphere.  The  nascent  volatiles  pro¬ 
duced  during  pyrolysis  could  escape  easily,  allowing  the  pressure  in 
the  sample  environment  to  remain  practically  equal  to  the  ambient 
value. 

Two-step  pyrolysis  consisted  of  a  first  isothermal  pyrolysis  step 
at  a  low  temperature  of  360  °C,  followed  by  a  second  carbonization 
step  at  a  high  temperature  of  900 °C.  Different  two-step  pyrolysis 
runs  were  carried  out.  In  each  run,  the  second  step  was  applied 
when  the  solid  residue  yield  obtained  at  the  end  of  the  first  step 
at  360  °C  (called  Y1  and  defined  by  Eq.  (1))  had  a  certain  value. 
Different  times  were  adopted  in  order  to  yield  different  values  of 
Y1  after  the  first  pyrolysis  step.  For  each  fixed  time,  three  sam¬ 
ples  were  placed  simultaneously  in  the  furnace,  which  had  been 
heated  previously  to  a  temperature  of  360  °C.  The  samples  were 
cooled  down  (first  in  the  oven  at  103  °C  and  then  in  a  desiccator) 


and  weighed.  The  Y1  value  was  determined  for  each  of  the  three 
samples  and  their  mean  was  calculated.  The  three  samples  within 
the  covered  crucibles  were  then  placed  in  the  oven  at  a  temperature 
of 900  °C  (i.e.,  the  carbonization  step)  using  a  stainless  steel  support 
for  a  duration  of  10  min.  The  yield  of  the  carbonized  solid  residue 
obtained  from  two-step  pyrolysis  (called  Y2  and  defined  by  Eq.  (2)) 
was  then  determined  for  each  of  the  three  samples.  We  must  note 
here  that  the  temperature  of  the  oven  dropped  to  approximately 
800  °C  when  the  stainless  steel  support  and  crucibles  were  inserted, 
and  it  took  approximately  5  min  to  reach  the  temperature  of  900  °C 
again. 

Y1  and  Y2  are  defined  by  Eqs.  (1)  and  (2),  respectively,  where 
Mci ,  Mc2  and  Mw  are  the  dry  masses  of  the  pyrolyzed  solid  residue, 
the  carbonized  solid  residue  and  the  wood  sample,  respectively. 

Mrl 

yi  =  fp  x  ioo  (i) 

Mw 

72=^x100  (2) 

Mw 

In  the  following  discussion,  the  solid  residues  obtained  at  the 
end  of  the  first  step  at  360  °C  will  be  referred  to  as  pyrolyzed  sam¬ 
ples,  while  those  obtained  from  two-step  pyrolysis  (after  the  step 
at  900  °C)  will  be  referred  to  as  carbonized  samples.  For  clarity,  a 
single  pyrolyzed  (or  carbonized)  sample  will  be  referred  to  as  PX 
(or  CX,  respectively),  where  X  is  its  corresponding  Yl  value. 

2.3.  Visual  inspection 

All  of  the  pyrolyzed  and  carbonized  samples  (i.e.,  samples 
before  and  after  undergoing  the  second  pyrolysis  step)  were  exam¬ 
ined  visually  to  detect  altered  physical  features  or  defects  (cracks, 
swelling,  split,  etc.).  The  objective  was  to  assess  the  changes  in  tex¬ 
ture  of  the  carbonized  samples  that  occurred  during  the  second 
pyrolysis  step  at  900  °C  and  to  relate  these  features  to  those  of  the 
pyrolyzed  solid  residues  at  the  end  of  the  first  pyrolysis  step. 

2.4.  Sample  selection 

To  monitor  the  changes  in  structure  using  IR  and  XRD  analysis, 
we  selected  pyrolyzed  solid  residues  obtained  with  Yl  values  ran¬ 
ging  from  the  minimal  experimental  value  of  29.1%  (corresponding 
to  a  sample  pyrolyzed  at  360  °C  for  360  min)  to  1 00%  (correspond¬ 
ing  to  wood).  To  this  end,  we  adopted  samples  P30,  P40,  P50, 
P60,  P70,  P80  and  PI  00,  corresponding  to  experimental  Yl  val¬ 
ues  approximately  equal  to  30%,  40%,  50%,  60%,  70%,  80%  and  100% 
(the  measured  values  were  29.1%,  40.0%,  49.0%,  61.6%,  71.6%  and 
80.7%).  We  retrieved  a  portion  of  each  pyrolyzed  sample  for  IR 
and  XRD  analysis  and  carried  out  the  carbonization  step  at  900  °C 
on  the  remaining  sample  portion.  Carbonized  samples  were  then 
obtained:  namely  C30,  C40,  C50,  C60,  C70,  C80  and  Cl 00,  which 
were,  in  turn,  analyzed  using  IR  and  XRD. 

2.5.  FT-IR  spectroscopy 

Fourier  transform  infrared  spectrometry  analysis  (FT-IR)  was 
carried  out  using  the  KBr  pellet  technique  with  a  VERTEX  70  FT- 
IR  spectrometer  equipped  with  a  24-bit  data  acquisition  system 
based  on  delta-sigma  ADCs  and  a  DigiTect™  detector.  KBr  pellets 
were  prepared  by  grinding  1  mg  of  dry  charcoal  sample  with  1 00  mg 
of  dried  KBr.  The  spectrum  range  covered  was  400-4000  cm-1. 

2.6.  X-ray  diffraction 

Powder  XRD  measurements  of  the  selected  pyrolyzed  and  car¬ 
bonized  samples  were  conducted  using  a  pan  analytical  X’pert  Pro 
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Fig.  1.  Changes  in  solid  residue  yields  at  the  end  of  the  first  pyrolysis  step  at  360  °C  as 
a  function  of  time  (calculated  on  dry  basis).  Error  bars  show  the  standard  deviation. 

instrument  equipped  with  a  Cu  anode  as  a  Cu-Ka  radiation  source 
(A,  =  1.544  A).  The  charcoal  samples  were  milled  to  pass  through 
a  250-p>m  sieve  (60  mesh).  The  X-ray  generator  was  set  to  45  kV 
and  40  mA,  and  the  XRD  patterns  were  recorded  by  step  scanning 
over  the  3-90°  range  of  20.  The  step  size  was  0.06°,  and  the  scan 
step  time  was  121  s.  The  XRD  patterns  were  subjected  to  back¬ 
ground  correction  to  determine  the  (0  0  2)  and  (1  0  0)  peak  positions 
and  their  respective  full  width  at  half  maximum  (FWHM).  The 
Debye-Scherer  equation  was  used  to  calculate  the  crystallite  size. 

3.  Results  and  discussion 

3.1.  Changes  in  char  yield 

Fig.  1  shows  the  changes  in  the  pyrolyzed  solid  residue  yields 
(Yl)  obtained  at  the  end  of  the  first  pyrolysis  step  at  360  °C  as  a 
function  of  time.  This  first  step  is  simply  an  isothermal  pyroly¬ 
sis  at  360  °C;  the  shape  of  the  curve  was  similar  to  typical  plots 
characteristic  of  the  pyrolysis  of  lignocellulosic  materials.  As  the 
pyrolysis  time  increased,  a  first  dramatic  mass  loss  was  observed, 
corresponding  mainly  to  the  decomposition  of  hemicelluloses  and 
cellulose.  From  the  time  the  Yl  value  reached  approximately  50%, 
the  mass  loss  became  much  smaller,  corresponding  mainly  to  the 
decomposition  of  the  remaining  lignin. 

Fig.  2  shows  the  changes  in  the  carbonized  sample  yield  (Y2) 
vs.  the  pyrolyzed  solid  residue  yield  (Yl).  It  is  apparent  from  this 
figure  that  the  values  of  Y2  depended  strongly  on  those  of  Yl.  For 
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Fig.  2.  Changes  in  char  yield  from  two-step  pyrolysis  vs.  the  solid  residue  yield  at 
the  end  of  the  first  pyrolysis  step  (calculated  on  dry  basis). 


the  wood  sample  (i.e.,  Yl  value  equal  to  100%),  the  carbonized  sam¬ 
ple  had  a  Y2  value  of  only  18.0%.  This  result  is  typical  of  the  flash 
pyrolysis  of  wood  at  a  temperature  of  approximately  900  °C,  which 
generally  results  in  char  yields  in  the  15-20%  range  [25].  As  the 
first  pyrolysis  step  at  360  °C  advanced  and  the  Yl  value  decreased, 
the  corresponding  Y2  value  increased  until  it  reached  a  maximum 
of  28.6%,  obtained  at  a  Yl  value  of  49.9%.  In  addition,  as  the  Yl 
value  dropped  below  50%,  the  corresponding  Y2  value  began  to 
decrease.  This  corroborates  the  results  we  reported  earlier  [3,4], 
in  which  we  recommended  that  lignocellulosic  feedstock  should 
first  undergo  a  low-temperature  pyrolysis  (e.g.,  at  360  °C)  until  the 
Yl  value  is  approximately  50%  (when  almost  all  the  hemicelluloses 
and  cellulose  are  completely  decomposed)  before  undergoing  a  sec¬ 
ond  pyrolysis  step  at  900  °C  to  optimize  the  final  char  yield  from 
two-step  pyrolysis. 

3.2.  Changes  in  texture 

The  pyrolyzed  solid  residues  obtained  from  the  first  pyrolysis 
step  did  not  show  unusual  features.  As  the  pyrolysis  time  increased, 
the  solid  residues  shrank  and  showed  some  cracks,  more  closely 
approaching  the  texture  of  charcoal.  This  behavior  is  as  expected 
since  the  first  step  is  a  simple  isothermal  pyrolysis.  In  particular, 
the  resulting  solid  residue  had  a  yield  of  only  29.1%  for  a  pyrolysis 
time  of  360  min  and  can  be  considered  as  conventional  charcoal 
(charcoal  produced  in  kilns  using  simple  pyrolysis). 

Conversely,  a  visual  inspection  of  the  carbonized  samples 
obtained  from  two-step  pyrolysis  showed  that  there  were  three 
main  texture  categories,  depending  on  the  solid  residue  yield  value 
(Yl)  at  which  the  second  pyrolysis  step  at  900 °C  was  applied 
to  the  pyrolyzed  samples.  This  categorization  included  (i)  sam¬ 
ples  that  were  swollen  and  burst  (48.8  <  Yl  <  98.6%);  (ii)  samples 
that  were  split  into  two  pieces  (40.4  <  Yl  <46.6);  and  (iii)  sam¬ 
ples  that  had  no  abnormal  defects  except  some  superficial  cracks 
(40.0%  <  Yl  <29.1%).  Fig.  3  shows  images  of  some  samples  repre¬ 
sentative  of  each  category  (see  supplementary  materials  for  more 
details). 

All  carbonized  samples  obtained  from  two-step  pyrolysis 
including  a  first  pyrolysis  step  at  360  °C  with  an  Yl  value  higher 
than  approximately  50%  were  apparently  swollen  and  burst  (cate¬ 
gory  i).  The  bursting  of  the  samples  during  carbonization  at  900  °C 
was  greatest  when  the  Yl  values  were  in  the  61.6-83.1%  range. 
These  carbonized  samples  showed  several  breaks  parallel  to  the 
longitudinal  direction  of  the  wood.  Each  sample  appeared  to  be  split 
up  into  several  pieces  (typically  four),  which  were,  however,  still 
connected  to  form  one  sample.  This  bursting  could  be  attributed  to 
the  quick  release  and  escape  of  volatiles  during  the  second  pyrolysis 
step  at  900  °C.  Indeed,  pyrolyzed  samples  with  Yl  values  within  the 
61.6-83.1%  range  still  contained  hemicelluloses  and  cellulose  that 
were  not  completely  decomposed.  These  two  constituents  decom¬ 
posed  very  rapidly  at  900  °C  and  released  a  high  amount  of  volatiles 
(between  64.2%  and  73.1%  of  the  pyrolyzed  sample’s  initial  mass) 
during  a  short  time,  inducing  a  pressure  increase  within  the  sam¬ 
ples  and  causing  bursting.  The  bursting  was  less  significant  for  the 
carbonized  samples  with  corresponding  Yl  values  in  the  48.8-58% 
range,  very  likely  because  the  amounts  of  the  volatiles  released  dur¬ 
ing  carbonization  at  900  °C  were  smaller  (between  48.9%  and  59.0% 
of  the  pyrolyzed  sample’s  initial  mass). 

Surprisingly,  we  noted  that  pyrolyzed  samples  with  Yl  values 
higher  than  86.1%  did  not  show  significant  swelling  or  bursting. 
Theoretically,  these  samples  must  have  released  more  volatiles  dur¬ 
ing  carbonization  at  900  °C  than  the  other  samples  within  category 
(i)  because  almost  none  of  the  constituents  (especially  cellulose 
and  hemicelluloses)  were  decomposed  at  the  end  of  the  first  pyrol¬ 
ysis  step  at  360  °C.  As  a  result,  they  should  have  suffered  more 
significant  bursting.  However,  we  observed  only  one  break  in  the 
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Pyrolyzed  samples  (first  step) 


Carbonized  samples  (two-step) 


Longitudinal  section  Transverse  section 


Sample  from 
category  i 
(Yl=77.3%) 


Sample  from 
category  ii 
(Yl=43.0%) 


Longitudinal  section  Transverse  section 


Sample  from 
category  iii 
(Yl=35.6%) 


Split  section 


Fig.  3.  Images  of  samples  representative  of  each  category  in  terms  of  texture  defects. 


longitudinal  direction  in  these  samples,  accompanied  sometimes 
by  another  break  in  the  transverse  direction.  We  conclude  from 
this  observation  that  the  volatiles  released  during  the  pyrolysis  step 
at  900  °C  cannot  independently  explain  the  occurrence  of  swelling 
or  bursting.  A  complementary  explanation  could  be  sought  in  the 
initial  microstructure  of  the  pyrolyzed  solid  residues  before  the 
carbonization  step  at  900  °C  (see  Section  3.5). 

Unlike  samples  within  the  previous  category,  the  carbonized 
samples  obtained  from  two-step  pyrolysis  including  a  first  pyrol¬ 
ysis  step  with  a  Y\  value  in  the  40.4-46.6%  range  (no  measured 
values  of  Y\  between  46.6%  and  48.8%  were  obtained  in  this  work) 
were  split  into  two  pieces  following  an  approximately  planar  split 
section,  perpendicular  to  the  longitudinal  direction  of  the  wood 
(category  ii).  Except  for  the  observed  splits,  these  samples  pre¬ 
served  their  initial  cubic  shape  relatively  well,  and  their  outer 
surfaces  were  quite  smooth.  The  escape  of  volatiles  from  within 
the  samples  in  this  category  during  the  carbonization  step  at  900  °C 
seemed  not  to  be  strong  enough  to  cause  any  significant  swelling  or 
bursting.  The  amounts  of  these  volatiles  (between  37.7%  and  41.5% 
of  the  pyrolyzed  sample’s  initial  mass)  were,  in  fact,  lower  than 
those  released  by  the  samples  of  category  (i).  However,  again,  the 
relationship  between  the  initial  microstructure  of  the  pyrolyzed 
samples  before  the  carbonization  step  at  900  °C  and  the  nature  of 
the  observed  defects  (split)  remains  to  be  confirmed  (see  Section 
3.5). 

Finally,  no  remarkable  defects  were  observed  in  carbonized 
samples  that  underwent  a  first  pyrolysis  step  until  reaching  an 
Y\  value  in  the  29.1-40.0%  range  (category  iii).  The  cubic  shape  of 
the  samples  was  preserved,  and  there  were  only  small  superficial 
cracks,  which  had  been  present  in  the  pyrolyzed  samples  before 
the  carbonization  step  at  900  °C.  The  small  amounts  of  volatiles 
released  by  the  samples  at  900  °C  (between  35.7%  and  40.2%  of 
the  pyrolyzed  sample’s  initial  mass)  did  not  affect  the  texture  of 
the  samples’  carbonaceous  matrices.  To  our  knowledge,  no  similar 


partitioning  of  the  texture  of  carbonized  charcoal  has  been  previ¬ 
ously  reported.  Charcoals  within  the  different  categories  need  to  be 
characterized  in  terms  of  their  physical  and  chemical  properties  in 
order  to  draw  relevant  conclusions  with  respect  to  their  potential 
use. 

3.3.  Assessment  of  chemical  changes  using  FT-IR 

We  remind  the  reader  that  our  objective  was  first  to  inves¬ 
tigate  the  structure  of  the  carbonized  charcoals  resulting  from 
two-step  pyrolysis.  However,  we  also  investigated  the  structure  of 
the  pyrolyzed  solid  residues  after  the  first  pyrolysis  step  to  explore 
how  this  step  may  condition  the  final  two-step  charcoal  structure. 
Fig.  4(a)  shows  the  changes  in  the  FT-IR  spectra  of  the  pyrolyzed 
solid  residues  obtained  with  different  yields  (i.e.,  P30,  P40,  P50,  P60, 
P70  and  P80  samples),  as  well  as  the  FT-IR  spectrum  of  the  wood 
sample.  The  FT-IR  spectrum  of  our  wood  sample  showed  typical 
bands  specific  to  raw  lignocellulosic  materials.  A  list  of  the  main 
vibrations  displayed  in  this  spectrum  and  their  functional  group 
assignments  are  shown  in  Table  1. 

We  can  see  from  Fig.  4(a)  that,  until  the  decomposition  stage 
corresponding  to  an  Y\  value  of  60%,  the  charring  samples  indeed 
underwent  chemical  transformations,  but  the  chemical  structure  of 
the  native  wood  sample  was  still  coherent.  All  the  absorption  peaks 
present  in  the  FT-IR  spectrum  of  the  wood  sample  were  still  present 
in  the  FT-IR  spectra  of  the  P80,  P70  and  P60  samples,  although  with 
decreasing  intensities  (except  for  the  1 700  cm-1  and  the  1 600  cm-1 
bands,  corresponding,  respectively,  to  the  C=0  and  C=C  stretch¬ 
ing  vibrations  [15-20  ,  which  showed  slight  increases  for  the  P60 
sample).  Dehydration  and  the  partial  degradation  of  holocellu- 
loses  were  the  main  chemical  transformations  and  were  mainly 
expressed  by  decreases  in  peak  intensities  in  the  3600-3000  cm-1 
and  1030-1 160  cm-1  ranges,  corresponding  to  the  O— H  and  C— O 
stretching  vibrations,  respectively  15-20].  In  particular,  cellulose, 
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Fig.  4.  Stacked  FT-IR  spectra  of  (a)  pyrolyzed  solid  residues  obtained  from  the  first 
pyrolysis  step  with  yield  values  ranging  from  100%  (raw  wood)  to  30%,  and  (b)  car¬ 
bonized  samples  obtained  by  applying  the  second  pyrolysis  step  to  solid  residues 
described  in  (a). 

although  partially  decomposed  for  the  P80,  P70  and  P60  samples, 
was  still  present,  as  confirmed  by  its  indicative  bands  at  1030  cm-1 
and  1060  cm-1  (C— OH  vibration)  [15,17,18]  and  at  1160  cm-1 
(C— O— C  ether  vibration)  [15-17,19]. 

The  FT-IR  spectrum  of  the  P50  sample  showed  the  first  signifi¬ 
cant  change,  in  the  sense  that  the  bands  indicative  of  cellulose,  and 
a  priori  hemicelluloses,  had  vanished  (i.e.,  the  1030  cm-1  and  the 
1060  cm-1  bands  dramatically  decreased,  and  the  1160  cm-1  band 
practically  disappeared),  confirming  that  these  two  constituents 
were  almost  completely  decomposed.  This  FT-IR  spectrum  was 
characterized  by  stronger  C=C  and  C=0  stretching  vibration  bands 
at  1 600-1500  cm-1  and  1 700  cm-1 ,  respectively,  which  are  indica¬ 
tive  of  aromatic  enrichment  and  products  formed  from  lignin 
decomposition  [18  .  These  latter  products  were  also  reflected  by 
vibrations  characteristic  of  lignin  components,  such  as  the  C— O 
stretching  vibration  of  phenolic  compounds  observed  at  1212  cm-1 
[15,16,18,20]. 

As  the  pyrolysis  process  advanced  and  the  Y1  value  decreased 
(P40  and  P30  samples),  the  O— H  stretching  vibration  at 
3600-3000  cm-1  continued  to  lose  intensity.  The  C=0  and  C=C 
stretching  vibrations  slightly  decreased  but,  along  with  the  stretch¬ 
ing  vibration  of  the  aromatic  C— H  vibration  at  3140  cm-1  18,21], 
became  more  important  relative  to  the  other  peaks,  which  is 
indicative  of  more  prominent  aromatic  component  formation.  To 
summarize,  we  can  see  from  Fig.  4(a)  that  there  were  three  dis¬ 
tinct  categories  of  spectra:  the  first  corresponding  to  the  P80,  P70 


Table  1 

Assignment  of  the  main  characteristic  vibrations  of  the  wood  sample’s  FT-IR 
spectrum. 


Wavenumber  (cm-1 ) 

Characteristic  vibrations 

3403 

O — H  stretching  of  H-bonded  hydroxyl 

1741 

C=0  stretching  of  carboxyl  and  carbonyl  groups 

1596 

C=C  stretching  of  aromatic  ring 

1506 

C=C  stretching  of  aromatic  ring 

1461 

C— H  bending  of  CH3  (asymmetric)  and  CH2-groups 

1426 

O — H  bending 

1372 

C— H  bending  of  CH3  (symmetric)  groups 

1330 

C— H  bending  of  CH  groups 

1235 

C— O  stretching  of  aryl  alkyl-ether  and  phenol 

1160 

C— O  stretching  of  pyranose  ring 

1113 

C— H  bending  of  syringyl  and  gaiacyl  units 

1036-1059 

C— O  stretching  of  C — OH  groups 

Fig.  5.  Stacked  X-ray  diffraction  patterns  of  (a)  pyrolyzed  solid  residues  obtained 
from  the  first  pyrolysis  step  with  yield  values  ranging  from  1 00%  (raw  wood)  to  30%, 
and  (b)  carbonized  samples  obtained  by  applying  the  second  pyrolysis  step  to  solid 
residues  described  in  (a). 

and  P60  samples,  as  well  as  the  wood  sample  (Y1  >50%);  the  sec¬ 
ond  to  the  P50  sample;  and  the  third  to  the  P40  and  P30  samples 
(30%  <  Y\  <40%).  This  categorization  is  in  agreement  with  that 
described  in  Section  3.2,  which  was  elaborated  based  on  a  visual 
inspection  of  the  carbonized  samples. 

On  the  other  hand,  Fig.  4(b)  shows  the  FT-IR  spectra  of  the 
carbonized  samples.  The  peak  intensities  of  these  spectra  were 
much  lower  compared  to  those  of  the  pyrolyzed  samples  (up  to 
3  orders  of  magnitude).  All  the  carbon  functionalities  had  prac¬ 
tically  vanished  after  the  carbonization  of  the  samples  at  900  °C. 
Furthermore,  all  the  FT-IR  spectra  of  the  carbonized  samples  were 
similar.  That  is,  the  peak  intensity  of  a  given  carbon  functionality 
had  approximately  the  same  magnitude  across  the  different  FT- 
IR  spectra.  We  conclude  that  there  were  no  significant  differences 
in  chemical  structure  among  the  carbonized  charcoals.  In  particu¬ 
lar,  the  FT-IR  spectrum  of  the  C50  sample  was  similar  to  the  FT-IR 
spectra  of  the  other  carbonized  samples,  showing  that  the  maxi¬ 
mum  increase  in  char  yield  (Y2)  obtained  for  this  sample  was  not 
associated  with  particular  carbon  functionalities.  The  disappear¬ 
ance  of  these  carbon  functionalities  seems  to  occur  subsequently 
to  the  interactions  at  900  °C  responsible  for  the  char  yield  increase 
(discussed  elsewhere  [4  ). 

3.4.  Assessment  of  microstructural  changes  using XRD 

Fig.  5(a)  shows  the  XRD  patterns  of  the  pyrolyzed  solid  residues 
obtained  at  different  yields.  The  XRD  pattern  of  the  PI  00  sample 
(wood)  shows  two  main  peaks,  which  are  attributed  to  the  reflec¬ 
tions  of  crystalline  cellulose  present  in  wood:  the  first  at  20  =  22.2°, 
corresponding  to  the  (2  0  0)  plan,  and  the  second  at  20  =  1 5.6,  which 
is  known  to  be  a  composite  of  two  peaks  corresponding  to  the 
(1  01)and(l  1  0)  plans  12,18,20,22].  As  seen  in  Fig.  5(a),  these  two 
peaks  were  also  present  in  the  XRD  patterns  of  the  P80,  P70  and 
P60  samples,  indicating  that  crystalline  cellulose  was  still  present 
until  the  decomposition  stage  corresponding  to  Y\  =  60%.  However, 
they  became  less  intense  and  broader  in  the  P60  XRD  pattern,  indi¬ 
cating  the  ongoing  decomposition  of  cellulose  within  the  charring 
residue.  As  the  Y\  value  continued  to  decrease,  the  peaks  corre¬ 
sponding  to  crystalline  cellulose  vanished,  which  means  that  all 
the  crystallinity  of  cellulose  was  lost  (i.e.,  almost  all  the  cellulose 
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Fig.  6.  Changes  in  the  char  yield  (Y2)  of  the  selected  carbonized  samples  (lower 
curve)  and  the  (002)  peak  intensity  of  their  XRD  patterns  (upper  curve).  Note:  the 
(00  2)  and  (100)  peak  intensities  of  the  C60  XRD  pattern  seem  to  be  outstanding 
values. 


originally  present  in  the  wood  had  completely  decomposed).  In  par¬ 
ticular,  the  XRD  pattern  of  the  P50  sample  was  remarkably  flat, 
showing  the  amorphous  structure  of  this  sample,  although  a  new 
peak  started  to  appear  at  approximately  20  =  22.3°.  This  result  is  in 
excellent  agreement  with  the  results  of  the  FT-IR  analysis  discussed 
in  Section  3.3.  The  decomposition  stage  corresponding  to  Y\  =  50% 
seems  to  be  the  beginning  of  a  turning  point  in  the  pyrolysis  pro¬ 
cess.  Peaks  at  20  =  23.2  and  20  =  23.9  were,  however,  more  obvious 
in  the  XRD  patterns  of  the  P40  and  P30  samples,  respectively.  Peaks 
at  such  20  values  for  carbon  materials  are  attributed  to  the  (0  0  2) 
plan  reflection  of  the  graphite  crystallites  and  are  indicative,  here,  of 
the  progressive  stacking  of  graphene  sheets  within  our  samples,  the 
structure  of  which  approached  that  of  turbostratic  carbon  [12,18]. 

On  the  other  hand,  all  the  XRD  patterns  of  the  carbonized  sam¬ 
ples  shown  in  Fig.  5(b)  had  the  same  shape,  similar  to  that  of 
turbostratic  carbon  12,18,23].  Peaks  corresponding  to  the  (0  0  2) 
reflection  were  observed  at  20  values  in  the  22.9-23.2  °C  range. 
Table  2  shows  the  results  of  the  microstructure  analysis  of  both 
the  carbonized  samples  and  the  pyrolyzed  samples  P50,  P40  and 
P30.  All  the  (0  0  2)  peaks  had  comparable  FWHMs.  In  all  the  sam¬ 
ples  shown  in  Table  2,  the  graphite  crystallites  were  composed  of 
approximately  three  graphene  sheets.  Similar  graphite  crystallite 
sizes  were  also  reported  by  Paris  et  al.  and  Smith  et  al.  1 2,24].  How¬ 
ever,  these  (0  0  2)  peaks  had  variable  intensities.  Note  that  the  XRD 
patterns  of  the  carbonized  samples  had  (0  0  2)  peak  intensities  that 
were  much  higher  than  those  observed  for  the  P50,  P40  and  P30 
samples.  This  is  expected,  as  the  carbonization  of  woody  material 
at  high  temperatures  is  known  to  enhance  graphite  crystallite  for¬ 
mation.  Fig.  6  shows  changes  in  the  char  yield  (Y2)  of  the  selected 
carbonized  samples  and  the  (0  0  2)  peak  intensity  of  their  XRD  pat¬ 
terns.  From  this  figure,  it  appears  that  there  was  a  clear  positive 
correlation  between  the  two  parameters  displayed.  The  higher  the 
(0  0  2)  peak  intensity  was,  the  greater  the  Y2  value  was.  In  a  related 
paper,  Kercher  and  Nagle  [13]  reported  that,  when  the  FWHM  did 
not  change  (which  is  the  case  here),  the  increase  in  (0  0  2)  peak 
intensity  was  attributed  to  an  increased  amount  of  turbostratic  car¬ 
bon.  We  can  conclude  then  that  the  increased  char  yield  during  the 
second  pyrolysis  step  at  900 °C  was  indeed  accompanied  by  the 
formation  of  an  increased  amount  of  graphite  crystallites  and  vice 
versa. 

The  XRD  pattern  of  the  C50  sample  showed  the  highest  (0  0  2) 
peak  intensity,  followed  closely  by  that  of  the  C40  sample.  The 
C50  and  C40  char  yield  values  (Y2  values)  were  also  the  highest 
values  obtained  in  this  work  from  two-step  pyrolysis.  Moreover, 
the  XRD  pattern  of  the  C50  sample  showed  the  highest  possible 


(0  0  2)  peak  intensity  for  carbonized  charcoal  in  the  given  condi¬ 
tions  (i.e.,  pyrolysis  step  at  900  °C  for  10  min).  The  pyrolysis  step 
at  900  °C  was  applied  here  to  solid  residues  with  a  range  of  initial 
yields:  from  wood  (PI  00)  to  well-charred  sample  (P30).  Of  all  these 
possibilities,  the  C50  produced  the  highest  (0  0  2)  peak  intensity 
and  therefore  contained  the  highest  amount  of  graphite  crystal¬ 
lites.  This  pyrolysis  step  (900  °C  for  10  min)  could  be  applied  to 
the  P30  sample  (well-charred  sample)  rather  than  the  P50  sample 
in  order  to  produce  charcoal  with  the  highest  amount  of  graphite 
crystallites.  Our  results  showed  that  the  C30  sample  thus  obtained 
not  only  had  an  Y2  value  smaller  than  that  of  the  C50  sample  but 
also  contained  fewer  graphite  crystallites.  Carbon  materials  with  a 
significant  amount  of  graphite  crystallites  are  prized  for  their  con¬ 
siderable  electrical  conductivity.  Such  materials  are  obtained  by 
carbonizing,  inter  alia,  woody  materials  at  high  temperatures  (e.g., 
900  °C).  According  to  our  results,  the  carbonization  of  pyrolyzed 
wood  samples  at  high  temperatures  when  their  solid  residue  yield 
is  approximately  50%  appeared  to  be  a  key  condition  to  optimize 
graphite  crystallite  formation.  This  result  holds  promise  for  devel¬ 
oping  charcoals  with  potential  use  as  electricity  conductors.  Here 
again,  no  previous  studies  in  the  field  have  reported  such  obser¬ 
vations:  i.e.,  (1)  that  there  is  a  positive  correlation  between  the 
increase  in  char  yield  and  the  formation  of  graphite  crystallite  in 
charcoals  resulting  from  two-step  pyrolysis;  and  (2)  an  optimized 
increase  in  graphite  crystallite  formation  in  carbonized  samples 
occurs  when  applying  a  second  pyrolysis  step  to  pyrolyzed  solid 
residues  with  a  yield  of  approximately  50%  at  the  end  of  the  first 
pyrolysis  step. 

3.5.  Changes  in  texture  vs.  changes  in  microstructure 

As  discussed  in  Section  3.2,  the  amount  of  volatiles  released 
by  the  samples  during  the  carbonization  step  at  900  °C  could 
explain  why  the  observed  defects  occurred,  but  not  why  these 
defects  included  swelling,  bursting  or  split.  This  suggests  that  the 
nature  of  these  defects  depended  not  only  on  the  amount  of  the 
volatiles  released  but  also  on  the  microstructure  of  the  samples 
being  carbonized.  According  to  the  discussion  in  Sections  3.2-3.4, 
the  pyrolyzed  samples  within  a  given  category  (i,  ii  or  iii)  had  simi¬ 
lar  chemical  and  microstructural  properties,  as  shown  by  the  FT-IR 
and  XRD  analysis,  which  most  likely  resulted  in  the  similar  nature 
of  their  defects  obtained  during  pyrolysis  at  900  °C. 

For  instance,  pyrolyzed  samples  obtained  with  Y\  values 
higher  than  86.1%  underwent  minimal  decomposition  and  had 
microstructures  that  were  still  similar  to  that  of  the  initial  wood.  At 
this  stage  of  decomposition,  the  chemical  bonds  between  the  three 
wood  constituents  (cellulose,  hemicelluloses  and  lignin),  which  are 
responsible  for  mechanical  properties  such  as  strength  and  elas¬ 
ticity,  were  almost  completely  preserved.  This  seemed  to  prevent 
significant  bursting  caused  by  the  volatiles  released  from  within 
the  sample. 

Conversely,  the  microstructure  of  the  pyrolyzed  samples 
obtained  with  Y1  values  in  the  61 .6-83.1  %  range  was  different.  The 
wood  constituents  (hemicelluloses  and,  to  a  less  extent,  cellulose) 
underwent  additional  decomposition,  causing  the  microstructure 
of  the  samples  to  undergo  additional  changes  as  well.  In  partic¬ 
ular,  hemicelluloses  had  very  likely  completely  decomposed,  and 
the  bonds  between  the  microfibrils  within  the  cell  wall  were  weak¬ 
ened.  However,  it  can  be  assumed  that  the  anisotropic  mechanical 
properties,  which  are  characteristic  of  the  initial  wood  structure 
[12,26,27],  were  consistent  for  those  samples.  Indeed,  measure¬ 
ments  of  mechanical  properties  carried  out  at  the  cell  wall  level 
using  the  nanoindentation  technique  [26  revealed  that  the  Young’s 
modulus  of  pyrolyzed  wood  samples  in  the  axial  direction  was 
higher  than  those  in  the  radial  or  tangential  directions  up  to 
a  pyrolysis  temperature  of  275  °C  (this  temperature  very  likely 
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Table  2 

Results  of  the  XRD  analysis  of  the  carbonized  samples  and  three  of  the  pyrolyzed  samples. 


Sample 

Peak  (0  0  2) 

Peak  (1  0  0) 

2 0a  (deg.) 

FWHMb  (deg.) 

Lcc  (A) 

d00  2d  (A) 

N" 

If 

20  (deg.) 

FWHM  (deg.) 

Las  (A) 

/ 

Cl  00 

23.0 

8.0 

10.1 

3.87 

2.6 

664 

45.0 

10.7 

16.4 

275 

C80 

23.1 

8.3 

9.7 

3.84 

2.5 

733 

44.4 

9.0 

19.6 

265 

C70 

23.1 

7.9 

10.3 

3.85 

2.7 

733 

44.8 

9.6 

18.2 

296 

C60 

23.2 

8.1 

10.1 

3.83 

2.6 

588 

44.6 

9.5 

18.5 

253 

C50 

23.2 

7.9 

10.2 

3.83 

2.7 

836 

45.1 

10.7 

16.5 

352 

C40 

22.9 

8.3 

9.8 

3.88 

2.5 

829 

44.9 

9.8 

17.9 

339 

C30 

23.0 

8.1 

10.0 

3.87 

2.6 

729 

45.0 

10.1 

17.5 

321 

P50 

22.3 

7.8 

10.4 

3.99 

2.6 

497 

43.8 

9.7 

18.0 

88 

P40 

23.2 

8.8 

9.3 

3.83 

2.4 

524 

43.5 

8.9 

19.6 

77 

P30 

23.9 

8.8 

9.3 

3.72 

2.5 

580 

43.4 

8.5 

20.7 

98 

a  20:  peak  position. 

b  FWHM:  full  width  at  the  half-maximum. 
c  Lc:  crystallite  size  in  stacking  direction. 
d  dO 02:  distance  between  graphene  sheets. 
e  N :  number  of  graphene  sheets. 
f  /:  peak  intensity  after  background  subtraction. 

5  La:  crystallite  size  in-plane.  Note:  the  0  02  and  the  10  0  peak  intensities  of  the  C60  XRD  pattern  seem  to  be  outstanding  values. 


corresponded  to  Y\  values  in  our  61.6-83.1%  range,  as  the  authors 
reported  a  60%  mass  loss  at  a  temperature  of  325  °C).  This  may 
explain  why,  when  carbonized  at  900  °C,  the  high  amount  of 
volatiles  released  tended  to  burst  the  carbonaceous  matrix  along 
the  weak  direction  (tangential  or  radial)  rather  than  the  strong 
direction  (longitudinal). 

In  the  same  way,  the  microstructure  of  the  pyrolyzed  sam¬ 
ples  obtained  with  Y1  values  in  the  40.0-46.6%  range  substantially 
changed.  The  microstructure  of  wood  was  lost,  as  confirmed  by  IR 
and  XRD  measurements,  and  an  amorphous  structure  developed. 
The  isotropy  of  the  mechanical  properties  of  pyrolyzed  wood  has 
also  been  reported  by  Brandt  et  al.  [26].  Moreover,  the  Young’s 
modulus  in  the  axial  direction  was  slightly  smaller  than  those  in 
the  radial  and  the  tangential  directions  [26  .  This  may  explain  the 
propensity  of  split  to  occur  following  the  new  weak  direction  (the 
transverse  direction),  dividing  the  carbonized  samples  into  two 
pieces. 

4.  Conclusions 

In  this  study,  we  demonstrated  the  existence  of  three  distinct 
categories  of  charcoals  obtained  by  two-step  pyrolysis  in  terms  of 
their  textural  defects,  which  varied  depending  on  their  solid  residue 
yield  at  the  end  of  the  first  step:  (i)  samples  that  were  swollen  and 
burst;  (ii)  samples  that  were  split  into  two  pieces;  and  (iii)  sam¬ 
ples  that  showed  no  abnormal  defects.  Infrared  spectroscopy  and 
X-ray  diffraction  were  used  to  investigate  the  chemical  and  crystal 
structure  of  charcoals  within  the  different  categories.  In  particu¬ 
lar,  our  main  finding  was  that  the  charcoal  obtained  by  two-step 
pyrolysis  in  which  the  second  pyrolysis  step  at  900  °C  was  applied 
when  the  solid  residue  yield  at  the  end  of  the  first  step  was  approxi¬ 
mately  50%  showed  the  greatest  increase  in  both  yield  and  graphite 
crystallite  formation.  This  charcoal  holds  promise  for  potential  use 
in  developing  electricity  conductors  from  carbon  materials  (e.g., 
fuel  cell  anodes).  Measurements  of  other  mechanical  and  physical 
properties  (e.g.,  strength,  surface  area)  for  charcoals  within  the  dif¬ 
ferent  categories  were  not  in  the  scope  of  this  study,  and  should  be 
addressed  in  future  research  in  order  to  draw  more  relevant  con¬ 
clusions  with  respect  to  the  potential  use  of  such  charcoals  in  other 
applications  (reduction  of  ores,  adsorption,  etc.) 

Appendix  A.  Supplementary  data 

Supplementary  data  associated  with  this  article  can  be  found,  in 
the  online  version,  at  http://dx.doi.org/10.1016/jjaap.2014.06.003. 
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